Abstract-Currently, it is unknown whether changing prosthetic limb stiffness affects total limb stiffness and/or influences the shock absorption of an individual with transtibial amputation. The hypotheses tested within this study are that a decrease in longitudinal prosthetic stiffness will produce (1) reduced total limb stiffness and (2) reduced magnitude of peak impact forces and increased time delay to peak force. Fourteen subjects with a transtibial amputation participated in this study. Prosthetic stiffness was modified by means of a shock-absorbing pylon that provides reduced longitudinal stiffness through compression of a helical spring within the pylon. A sudden loading evaluation device was built to examine changes in limb loading mechanics during a sudden impact event. No significant change was found in the peak force magnitude or timing of the peak force between prosthetic limb stiffness conditions. Total limb stiffness estimates ranged from 14.9 to 17.9 kN/m but were not significantly different between conditions. Thus, the prosthetic-side total limb stiffness was unaffected by changes in prosthetic limb stiffness. The insensitivity of the total limb stiffness to prosthetic stiffness may be explained by the mechanical characteristics (i.e., stiffness and damping) of the anatomical tissue within the residual limb.
INTRODUCTION
Compliant (i.e., reduced-stiffness) components are often prescribed for use in lower-limb prostheses to improve comfort and reduce peak forces at the residual limb interface during walking, running, jumping, and other activities. To date, however, clinicians and researchers lack a good understanding of how these components function within the residual limb-prosthesis system. Compliant components are often referred to as "shock absorbing" since they are intended to influence the force transmission of the prosthetic limb by reducing the overall limb stiffness. In nondisabled individuals, limb stiffness is believed to affect many functional gait characteristics: the rate of loading, energy storage (shock absorption), and cadence [1] . Indeed, the influence of leg stiffness on the body has been likened to a "virtual passive controller" that diminishes vibration transmission from the impact of the foot with the ground [2] . It follows that stiffness properties of the prosthetic limb may also serve many of these same functions. However, contrary to expectations, previous gait studies have not demonstrated that "shock absorbing" prosthetic components have an appreciable effect on ground reaction force (GRF) profiles [3] [4] [5] [6] [7] [8] [9] [10] [11] .
The mechanical characteristics of prosthetic components-typically described by their mass, damping, and stiffness values-have been assessed by both manufacturers and independent researchers to better understand their loading properties [12] [13] [14] . However, when a prosthetic component is integrated with a human limb, its behavior may be influenced by anatomical features of the system. The human body consists of many different types of tissues, achieves a vast array of possible limb configurations, and is characterized by dynamic modulation of the neuromuscular system. Because of these complex characteristics, it has been suggested that testing prosthetic components in vivo, with the human acting as part of the test system, represents a preferable environment for the assessment of prosthetic function [15] .
It is also essential to evaluate the ability of reduced prosthetic stiffness to exert a meaningful influence on the limb system in a systematic, independent manner. Interpretation of results from previous studies has often been hindered by confounding variables, as changes in the stiffness of a particular prosthetic component are often accompanied by changes in other notable considerations such as mass, material, or alignment [16] . Additionally, the purpose of these compliant prosthetic components is to protect the residual limb's musculoskeletal system from the forces transmitted along the limb during walking. Thus, it makes sense to design a testing protocol to evaluate the residual limb-prosthesis combination in a configuration in which (1) the forces are directed longitudinally (the orientation of the GRF vector during the early stance phase of gait [17] [18] ) and (2) the stiffness element is aligned longitudinal to the limb.
Neuromuscular adaptation by the prosthesis user to modifications in prosthetic stiffness has been suggested as a possible explanation of gait results-specifically, unchanged GRFs-in previous prosthetic component studies [10, 19] . If present, this adaptation may occur in the form of altered joint configurations or muscular cocontraction, both of which have been identified as nondisabled limb responses to changes in surface stiffness [20] . Complicated tasks such as gait enable substantial dynamic neuromodulation, but inhibiting the neuromuscular system experimentally is often impractical. A simple, investigator-controlled event-such as a short, fast fall-may reduce the dynamic response of the motor control system and permit an evaluation of the effect of reduced-stiffness components on force transmission independent of active adaptation strategies by delivering a consistent lower-limb impact.
The purpose of this study was to determine whether altered prosthetic stiffness produces a substantial change in the total limb stiffness when incorporated within the passive structures of the residual limb. These changes in total limb stiffness would also be reflected in modifications to the impact force loading profile during a controlled impact event, which was designed to build upon knowledge gained from previous mechanical testing and gait analyses. The hypotheses tested within this study are that (1) a decrease in longitudinal prosthetic stiffness will reduce total limb stiffness, and (2) a decrease in longitudinal prosthetic stiffness will reduce the magnitudes of peak impact forces and increase the time delay to peak force. An impact testing apparatus designed in-house was utilized to generate an impact beneath the prosthetic limb in which the forces were directed longitudinally along the limb. Additionally, a relatively broad range of prosthetic stiffness levels was tested to determine which levels of stiffness influence total limb stiffness and impact forces.
METHODS

Subject Recruitment
Subjects were recruited from a convenience sample of individuals associated with the Northwestern University Prosthetics-Orthotics Center and the Jesse Brown Department of Veterans Affairs Medical Center (JBVAMC) according to the following inclusion criteria: an age of 18 to 80 yr, a transtibial amputation, and more than 6 mo of experience with a definitive prosthesis. Exclusion criteria were as follows: skin problems on the residual limb, painful neuromata or other pressure sensitive tissue, or a body mass exceeding the specified limit of the prosthetic components (>125 kg). All subjects provided written informed consent prior to participation in this study, and experimental procedures were approved by the Northwestern University Institutional Review Board.
Experimental Prosthesis
Longitudinal prosthetic stiffness was modified by means of a commercially available shock-absorbing pylon (SAP). In addition to the SAP, a standardized shoe and foot were provided to all subjects to maintain consistency within the distal components of the prosthesis. The foot (Seattle Lightfoot, Trulife; Dublin, Ireland) and flat canvas shoe (Target Corp; Minneapolis, Minnesota) were selected because of their relatively minimal deformation in the longitudinal direction, permitting the compression of the SAP to be predominant within the prosthesis. Subjects wore their own socket and suspension system for the duration of the experiment.
The selected model of SAP (Endolite TT Pro; Miamisburg, Ohio) provides reduced longitudinal stiffness through compression of a helical spring within the pylon. Springs with different stiffness values are commercially available with this pylon; the manufacturer provides stiffness recommendations for a user based upon body weight and activity level. These recommendations were used to assign each study subject to an experimental spring set (A or B). Both spring sets were comprised of four stiffness conditions based around the manufacturer recommended stiffness level (designated the "NORMAL" condition). Lower stiffness experimental conditions were then created by incorporating springs having 50 percent (the "SOFT" condition) and 75 percent (the "MEDIUM" condition) of the normal stiffness. These additional springs were acquired from mechanical supply companies or were custom ordered as necessary, and mechanical testing was performed to confirm the spring stiffness values ( Table 1) . Finally, a "RIGID" condition was created by replacing the springs with a steel cylinder that prevented compression of the pylon. It should also be noted that when operating normally the TT Pro pylon allows transverse plane rotation; this feature was blocked during the experiment to constrain motion to a single degree of freedom. The order of the prosthetic stiffness conditions was randomized using a random integer generator, and the subject was blinded as to the prosthetic stiffness condition.
A Certified Prosthetist assembled the experimental prosthesis and performed an initial benchtop alignment. The prosthetist then tightened the anterior set screw at the pylon/foot interface until the foot was in at least 5° of dorsiflexion when the subject was seated on the experimental device. This alignment ensured that the plantar surface of the rearfoot (i.e., the portion of the foot beneath the pylon) would make initial contact with the force platform during impact testing. This alignment was maintained throughout all impact testing trials.
Test Apparatus
A sudden loading evaluation device (SLED) was designed and built to examine changes in limb loading mechanics during a sudden impact event. The design specifications, reliability, and validation are described in greater detail elsewhere [21] . The SLED was modified from a commercial home gym apparatus composed of an inclined track with a rolling platform and terminating with a force platform (AMTI; Watertown, Massachusetts) at its base (Figure 1(a) ).
Testing Procedure
All impact testing was conducted in a motion analysis laboratory equipped with 12 cameras (Motion Analysis Corporation; Santa Rosa, California). Reflective markers were placed on the subjects' legs and prosthesis to track the motion of the lower body during the impact experiment (Figure 1(b) ). Bilateral markers were placed on the greater trochanters of the femurs and the anterior and lateral aspects of the thigh segments. Markers were placed on the intact limb in the following locations: the medial and lateral femoral epicondyles, the anterior tibia, the medial and lateral malleoli, the calcaneus, and the dorsal aspect of the foot over the 3rd metatarsophalangeal (MTP) joint. Markers specific to the prosthetic limb Table 1 . Experimental stiffness conditions. Subjects were assigned to a spring set based on body mass and activity level according to manufacturer instructions.
included the medial and lateral points of the estimated knee axis of rotation over the socket, the anterior and lateral aspects of the socket, the anterior aspect of the pylon distal to the spring, the lateral and medial approximation of the anatomical ankle axis of rotation on the prosthetic foot, and the prosthetic-side shoe at the estimated calcaneus and MTP joint locations. Markers were also placed on the force platform, the SLED frame, the seat back, and the rolling platform. After the experimental prosthesis was fit and the markers were attached, subjects were seated on the SLED with their prosthetic limb extended toward the force plate (Figure 1(b) ). An extended limb position was preferred because a neutral limb joint configuration (0° knee flexion, 90° angle between the shank and the "ground") lessens the involvement of the lower-limb joints in altering total limb stiffness [22] . When seated, the base of the subject's socket aligned approximately with the bottom edge of the rolling platform. A waist restraint belt was fastened around the subject and seat back to maintain gross body position. Subjects were instructed to maintain an extended limb posture throughout the course of the experiment, with knee flexion inhibited (but not disallowed, for safety and comfort) by straps placed loosely over the distal thigh segment; an additional strap was placed over the proximal end of the tibia if possible based on leg length and socket configuration. The intact limb was placed on a footrest attached to the lower portion of the rolling platform. Subjects received verbal instructions to remain as relaxed as possible throughout the experiment and not to participate actively during the impact event.
A winch system moved the subject further or closer to the force platform along the inclined track. The drop height of 5 cm was determined based on two factors. First, a 5 cm drop should produce an impact velocity of approximately 0.644 m/s according to Equation 1, which is within the range of vertical heel velocities achieved during walking at various speeds [23] . ,
where d is drop height, v is impact velocity, g is acceleration due to gravity, and θ is the inclination angle of the track. Impact velocity was constrained within the range of normal walking speeds to ensure safe loading levels during the impact event. Secondly, a 5 cm drop should ensure a freefall phase of less than 200 ms, the threshold below which the neuromuscular system cannot generate a preimpact plan in response to the sudden drop [24] [25] .
Once the subject was in the starting position, the investigator notified the subject that the trial was about to begin. The investigator then activated the quick-release lever on the winch, releasing the rolling platform into a gravity-propelled fall that terminated when the prosthetic limb contacted the force platform. Ten warm-up trials of heights less than or equal to 5 cm were performed to acclimate the subject to the sensation of the impact event and minimize the possibility of startle effects; these warm-up trials were performed using the first randomly ordered experimental stiffness condition. Following this warm-up period, five trials were collected for each of the four stiffness conditions.
Data Processing
Analog data from the force platform were collected using Cortex software (Motion Analysis Corporation) and then exported into an ASCII file format. These data were then imported into MATLAB (MathWorks; Natick, Massachusetts), where the force in the z direction (orthogonal to the surface of the force platform) was passed through a 4th order, zero-phase Butterworth filter having a cutoff frequency of 90 Hz. The start of the impact event was identified by selecting the frame at which the force magnitude first rose above a threshold force of 20 N, and this frame was labeled as t = 0. Subsequently, the time to and magnitude of the peak impact force were identified. Marker position data were captured and postprocessed in Cortex, exported into an ASCII file format, and imported into MATLAB. The marker data were then passed through a 4th order, zero-phase Butterworth filter having a cutoff frequency of 11.25 Hz. The sampling rates of the marker and force data differed (240 Hz vs 1,920 Hz), so the marker data were interpolated in MATLAB to generate datasets of equal length.
Velocity of the subject at impact and knee flexion during the impact event were calculated to determine consistency of the impact event. Impact velocity was calculated through numerical differentiation of the position of the ankle marker prior to force onset. Knee flexion was calculated as the difference between force onset and peak force in the two-dimensional (y, z) angle between the thigh (defined as the trochanter marker to the knee marker) and the shank (defined as the knee marker to the ankle marker). The total limb stiffness was calculated using displacement estimates obtained through double integration of the force record [26] . The initial length of the limb was set as zero, and the initial velocity corresponded to the previously calculated impact velocity.
Statistical Analysis
Based on the randomized crossover design, a repeated measures analysis of variance (ANOVA) was selected as the appropriate statistical procedure. Following data collection, statistically significant differences between prosthetic stiffness conditions were analyzed using a nonparametric ANOVA for ranks (i.e., Friedman test). A post hoc Bonferroni correction was performed to account for the multiple comparisons. All statistical analyses were performed using IBM SPSS Statistics 22 (IBM Corp; Armonk, New York).
RESULTS
Fourteen subjects with a transtibial amputation participated in this study ( The mean age of the Table 2 . Subject characteristics. subjects was 48.6 ± 16.3 yr, and mean mass was 81.2 ± 15.9 kg. The average peak force achieved during the impact event ranged between 97.5 and 100.3 percent of body weight, and the distributions differed significantly (p = 0.04); however, no statistically significant difference was found in the pairwise comparisons after the p-value was corrected for multiple comparisons ( Table 3) . Typical force profiles for the impact events are shown for a single subject (Figure 2) . No significant change was found in the timing of the peak force between conditions (p = 0.16), although the RIGID condition demonstrated a slightly shorter time to peak (102 ± 35 ms) compared to the time of the next most rigid condition (108 ± 27 ms). The mean impact velocity of the ankle was 0.549 ± 0.077 m/s across all conditions, while the mean range of motion of the knee during the impact event was 6.7 ± 5.2°. No statistically significant differences were found in impact velocity or knee range of motion, indicating consistent initial loading inputs and similar knee joint configurations throughout the experiment.
Total limb stiffness estimates ranged from 14.9 to 17.9 kN/m ( Table 3 ). The total limb stiffness values calculated from all four conditions were comparable, although a significant difference was found between group distributions (p = 0.04). However, in looking at the pairwise comparisons, no significant difference was found after the p-value was corrected for multiple comparisons.
DISCUSSION
The hypothesis of this study was that reducing prosthetic stiffness would decrease total limb stiffness and that this reduced overall limb stiffness would influence the force profile during loading. While a significant difference between reduced prosthetic stiffness and reduced total limb stiffness was found, the pairwise differences between conditions were not statistically significant and it was concluded that the study hypotheses were not supported. However, these results are intriguing for a number of reasons. First, peak forces occurring during a controlled impact event remained similar regardless of the prosthetic stiffness. Second, the RIGID condition always represented one of the extreme force or stiffness values (i.e., either the smallest or largest data point compared to other conditions). This result is likely due to the fact that the RIGID condition was 20 to 30 times stifferdepending on spring set-than the NORMAL spring. This trend may indicate that reducing prosthetic stiffness by any amount provides lower shock transmission than a Table 3 . Mean (± standard deviation) data for all experimental conditions. BW = body weight.
purely rigid device, but that the amount of the stiffness reduction is inconsequential. It should be noted, however, that the measured reduction in peak force was extremely small and is likely not clinically meaningful. Third, changes in prosthetic stiffness had a smaller than anticipated influence on the total limb stiffness. This result was likely attributable to the physical characteristics of another passive element (e.g., the residual limb soft tissue) within the prosthetic-side limb system. Lack of change in the characteristics of the impact force peaks and total limb stiffness when prosthetic stiffness was altered suggests that the prosthetic-side limb system was not sufficiently sensitive to the stiffness modifications. The total limb stiffness values reported here are comparable to previous estimates of nondisabled limb stiffness during running, which range from approximately 7 to 18 kN/m on surfaces of varying compliance [27] [28] [29] . The prosthetic-side limb stiffness values calculated for this study are slightly higher than these nondisabled running estimates, which may be the direct result of reduced knee flexion during the impact events compared to running. However, limb configuration alone fails to sufficiently explain the lack of responsiveness of total limb stiffness to the changes in prosthetic stiffness.
Peak impact forces result from the passive change within the system (altered prosthetic stiffness) and the actively modulated compensatory strategy of the limb system. The human neural system is highly adaptable, and the lack of significant difference in the force results may be a result of successful neuromuscular modulation of the loading response during impact. However, the simple, repeatable experimental impact was selected specifically to reduce the involvement of the neuromuscular system. Further, it is unknown whether persons with transtibial amputation are capable of displaying the same ready adaptation to surface (or prosthetic stiffness) that has been demonstrated in nondisabled individuals [30] .
Another plausible explanation for the unchanged peak forces relates to the interface between the residual limb and prosthetic socket. Previous studies have suggested that the heterogeneous amount of soft tissue at the limb-socket interface may play a substantial role in total prosthetic-side limb stiffness [31] [32] [33] . Large variability within total limb stiffness estimates (ranging from 29%-59% of the calculated limb stiffness values) is likely due to the heterogeneity of the residual limb anatomy and characteristics of the limb-socket interface. Because neither the suspension system nor socket was standardized, the suspension mechanisms varied (sleeve, pin lock, etc.) and socket types differed (patellar tendon bearing, total surface bearing, etc.). Additionally, all subjects wore liners within their current prosthetic socket; 13 subjects were fit with an elastomeric liner, while 1 subject used a Pelite liner. Liner materials are often designed to be similar in durometer to human skin, which is far less stiff than any other prosthetic component. The combination of residual limb soft tissue, suspension mechanism, and socket liner may dominate the overall system response during an impact force event, thereby preventing a SAP from influencing total limb stiffness.
Limitations
Because this study considered a series of elastic elements and characterization of their stiffness, an important limiting factor to consider is the stiffness of the SLED itself. A previous study using a similar force platform indicated a stiffness value of approximately 35,000 kN/m [30] . However, the custom-fabricated, inclined mounting bracket of the SLED may have introduced additional system compliance. To determine the effect of the mounting bracket, markers were placed on the force platform as a rigidly mounted dummy load of 68 kg was dropped from the test height of 5 cm. The maximum displacement of any force platform marker in any direction was <2 mm, and the force platform stiffness was estimated to be 1,000 to 1,500 kN/m. Additionally, the natural frequency of the force platform was determined by striking the platform with a rigid metal object while acquiring force data. The subsequent power spectrum analysis provided an in situ natural frequency estimate of approximately 360 Hz. As both the stiffness and natural frequency of the force platform were at least 10 times that of any experimental conditions or resultant frequencies, it was determined that the setup was adequate for this study.
The SLED experimental protocol specified an extended limb posture during data collection, achieved through hook-and-loop straps and verbal instructions to the subjects. However, all subjects exhibited some knee flexion, with an average range of motion of 6.7 ± 5.2°. This magnitude represents approximately 50 percent of the knee flexion that has been observed during the stance phase of gait in subjects with transtibial amputations [32] . Also, while knee flexion influences calculation of total system stiffness [34] [35] [36] [37] , subjects used a similar amount of knee flexion across stiffness conditions. Therefore, knee flexion is unlikely to have substantially influenced the limb stiffness calculations or differences between conditions. While joint position was both controlled and verified through marker data, the degree to which the neuromuscular system may have influenced the results is unknown. A prior nondisabled human pendulum study determined changes in preimpact muscular activations that were attributed to altered motor control strategies [38] . However, some of the altered muscle activations were recorded from muscles that would function differently in individuals with lower-limb amputations (i.e, the tibialis anterior and gastrocnemius), and the extent to which amputation may affect such feedforward strategies is unknown. While future work utilizing electromyography may provide insight into how neuromuscular control might change as prosthetic stiffness is altered, an assumption of the current study was that subjects were not substantially changing their neuromuscular patterns within the course of the experiment.
Future Work
This study involved a systematic variation in prosthetic stiffness while applying a consistent, investigatorcontrolled impact event beneath the prosthetic limb. However, it has been implied that limb impedance may be adjusted to accommodate both viscous and elastic interface changes [39] . Further investigation into the interaction of all the factors influencing impedance (mass, damping, stiffness) within the prosthetic system could provide valuable insight into the in vivo effect of prosthetic components on limb-loading behaviors. Additionally, reduced-stiffness components have been shown to reduce isolated force transients during fast walking [11] , and future studies may benefit from a systematic evaluation of their performance during higher impact activities such as running, stepping down, etc. Finally, the prosthetic-side limb is a complicated system, and each of its elements may influence system behavior in a different way, at a different time, or in combination with one or more other elements. While the individual mechanical characteristics of some prosthetic components (e.g., feet) have been previously reported from benchtop tests, the question of how to isolate the in vivo effects of various elements within the prosthetic-side limb system requires further consideration and may have significant repercussions for prosthetic component design and prescription.
CONCLUSIONS
The ability of prosthetic stiffness to influence total limb stiffness and affect force profiles during a passive, in vivo impact event was assessed using a novel testing apparatus. Despite a systematic variation in prosthetic stiffness values, no statistically significant differences in peak force magnitude or timing were found between any stiffness conditions. Additionally, a trend of increasing total limb stiffness with increasing prosthetic stiffness was not observed, nor was a significant difference found between conditions. Thus, it appears that reasonable levels of longitudinal prosthetic stiffness provided by means of a SAP may not have a clinically meaningful effect on total limb stiffness. It is theorized that the stiffness and damping properties of another element within the systempossibly the residual limb-prosthetic socket interfacemay be dominating the stiffness changes implemented at the level of the pylon.
